Insulin resistance is common in individuals with obesity or type 2 diabetes (T2D), in which circulating insulin levels are frequently increased. Recent epidemiological and clinical evidence points to a link between insulin resistance and cancer. The mechanisms for this association are unknown, but hyperinsulinaemia (a hallmark of insulin resistance) and the increase in bioavailable insulinlike growth factor I (IGF-I) appear to have a role in tumor initiation and progression in insulin-resistant patients. Insulin and IGF-I inhibit the hepatic synthesis of sex-hormone binding globulin (SHBG), whereas both hormones stimulate the ovarian synthesis of sex steroids, whose effects, in breast epithelium and endometrium, can promote cellular proliferation and inhibit apoptosis. Furthermore, an increased risk of cancer among insulin-resistant patients can be due to overproduction of reactive oxygen species (ROS) that can damage DNA contributing to mutagenesis and carcinogenesis. On the other hand, it is possible that the abundance of inflammatory cells in adipose tissue of obese and diabetic patients may promote systemic inflammation which can result in a protumorigenic environment. Here, we summarize recent progress on insulin resistance and cancer, focusing on various implicated mechanisms that have been described recently, and discuss how these mechanisms may contribute to cancer initiation and progression.
Introduction/General Overview
Insulin resistance is a pathological condition in which insulin action is impaired in peripheral target tissues including skeletal muscle, liver, and adipose tissue. Initially, in individuals destined to develop T2D, the pancreatic beta cells increase insulin production to overcome insulin resistance and maintain euglycemia. Frank T2D in insulin-resistant individuals develops when beta cells fail to compensate [1, 2] . Also, insulin resistance is a cardinal feature of the metabolic syndrome, a quartet of vascular risk factors which include, in addition to insulin resistance, central obesity, dyslipidemia, and systemic hypertension [3] . With the exception of rare, monogenic forms of insulin resistance, common insulin resistance is a very heterogeneous disorder for which both genetic and environmental factors jointly determine susceptibility [4] . The environmental component reflects the unfavorable global shift toward a western lifestyle of overeating and sedentary habits, with obesity as the outcome [2, 5] . The genetic factor is linked to quantitative and/or qualitative defects in the insulin receptor (INSR) signaling pathway which regulates growth and metabolic responses to insulin, in insulin target cells and tissues [6] . Patients with insulin resistance show an increased morbidity and mortality, largely attributable to cardiovascular disease and T2D [7, 8] . Moreover, a number of epidemiological studies have consistently demonstrated that the risk for several types of cancer (including that of the breast, colorectum, liver, and pancreas) is higher in insulin-resistant patients [9] . As illustrated in Figure 1 , various mechanisms have been proposed to explain this link, although a complete picture is yet to emerge. The following is a summary of major specific issues currently under debate, related to this area of research.
(1) Chronic hyperinsulinemia, in affected individuals, may promote cancer, as insulin can exert its oncogenic potential via abnormal stimulation of multiple cellular signaling cascades, enhancing growth factordependent cell proliferation and/or by directly affecting cell metabolism. (2) Insulin increases the bioactivity of IGF-I by enhancing hepatic IGF-I synthesis and by reducing hepatic protein production of the insulin-like growth factor binding proteins 1 (IGFBP-1) and 2 (IGFBP-2) [10, 11] . Therefore, although insulin can directly induce tumour growth, many of its mitogenic and antiapoptotic effects are operating through the IGF-I system, as reported in individuals with high levels of circulating IGF-I, in which an increased risk of developing certain types of tumours, in particular breast and prostate cancers, has been documented [12, 13] . (3) Insulin, by reducing SHBG levels, exerts a positive effect on estrogen bioavailability, therefore increasing breast cancer risk.
(4) Obesity, the most common cause of insulin resistance, is increasingly recognized as a low-grade inflammatory state in which overproduction of certain molecules, such as free fatty acids, interleukin-6 (IL-6), adiponectin, leptin, tumour necrosis factor alpha (TNF-α), plasminogen activator inhibitor-1, and monocyte chemoattractant protein (MCP-1), can play a role in malignant transformation and/or cancer progression [14] . In this context, chronic hyperglycemia and increased oxidative stress may also contribute to increased cancer risk.
Therefore, many lines of evidence support the concept that a relationship exists between insulin resistance and cancer, although further studies must be done before this relationship can be fully understood.
The INSR, Biological Function, and Its Clinical Significance in Cancer
The first step in insulin action is its interaction with the INSR, an integral membrane glycoprotein with intrinsic enzymatic activity. The INSR belongs to the tyrosine kinase growth factor receptor family and functions as an enzyme that transfers phosphate groups from ATP to tyrosine [28] [29] [30] [31] [32] [33] . On the other hand, epidemiological and clinical evidence points to a link between insulin-resistant syndromes, such as obesity and T2D, and cancer of the colon, liver, pancreas, breast and endometrium. The mechanistic link between insulin resistance and cancer is unknown, but constitutive activation of the tyrosine kinase activity of INSR and related downstream signaling pathways by chronic sustained hyperinsulinemia, in these clinical syndromes, appears to have a role in the neoplastic transformation process [34] [35] [36] . Mechanisms due to hyperinsulinemia that promote malignancy and neoplastic progression include the increase in IGF-I and sex hormones bioavailability, the increase in proinflammatory cytokines, and oxidative stress. Although the molecular mechanisms that cause neoplastic transformation, and sustain tumour progression in the presence of INSR hyperexpression and/or hyperstimulation are not fully understood, an explanation for increased INSR expression in epithelial tumours has been recently provided by our group in both breast cancer cell lines and human breast cancer tissues, in which overexpression of the nuclear transcription factor activator protein 2-α (AP2-α) accounted for INSR overexpression [37] (Figure 2(a) [43] . For example, glucocorticoids enhance transcription of the INSR gene, whereas insulin downregulates its own receptor. As a step toward understanding the molecular basis of regulation of INSR gene expression, the promoter region of the human INSR gene has been first identified and then analyzed by several groups [44] [45] [46] . This region extends over 1800 bases upstream from the INSR gene ATG codon and is extremely GCrich, containing a series of GGGCGG repeats that are putative binding sites for the mammalian transcription factor Sp1. It has neither a TATA box nor a CAAT box, reflecting the common features for the promoters of constitutively expressed genes (so-called housekeeping genes). The INSR is expressed at higher levels in differentiated target tissues such as muscle and fat. At these levels, tissue-specific and ubiquitous nuclear transcription factors cooperate to induce INSR gene transcription. We have previously identified two distinct, functionally active DNA sequences, C2 and E3, within the INSR gene promoter, which had a significant ability to drive INSR gene transcription [46] . The molecular mechanisms regulating INSR gene expression have been widely studied by our group and evidence has been provided showing that the architectural transcription factor highmobility group A1 (HMGA1) is required for proper transcription of the INSR gene. HMGA1 is a small basic protein that binds to AT-rich regions of certain gene promoters and functions mainly as a specific cofactor for gene activation [47] [48] [49] . HMGA1 by itself has no intrinsic transcriptional activity; rather, it has been shown to transactivate promoters through mechanisms that facilitate the assembly and stability of stereospecific DNA-protein complexes, "enhanceosomes," that drive gene transcription. HMGA1 performs this task by modifying DNA conformation and by recruiting transcription factors to the transcription start site, facilitating DNA-protein and protein-protein interactions [47] [48] [49] . [37, 52, 53] . Also, overexpression of functional INSRs has been involved in thyroid carcinogenesis [54] . In all these cases, the INSR can exert its oncogenic potential in malignant cells via abnormal stimulation of multiple cellular signaling cascades, enhancing growth factor-dependent proliferation and/or by directly affecting cell metabolism.
Proposed Mechanisms for Hormone-Mediated Tumorigenesis
Chronic hyperinsulinemia in insulin-resistant patients increases bioavailability of IGF-I by reducing hepatic gene expression and protein production of IGFBP-1 and IGFBP-2. Also, a decrease in circulating levels of SHBG, followed by an increase in the bioavailability of estradiol and testosterone, may occur in these patients, in whom the combined effect of increased synthesis and bioavailability of estradiol and testosterone can have an adverse impact on target cells and tissues expressing estrogen and androgen receptors. The effect of sex steroid binding to their specific receptors can vary, depending on tissue type, but in some tissues (e.g., breast epithelium and endometrium), this hormonereceptor interaction results in abnormal cellular proliferation and inhibition of apoptosis. Of major importance in hormone-mediated cancers is the IGF system. This system is composed of at least three ligands (insulin, IGF-I, and IGF-II), two receptors (IGF-IR and INSR) and six structurally similar IGFBPs that have important influence over the biological effectiveness of the IGFs, since they are able to increase the half-lives of circulating IGFs, hence controlling their availability for receptor binding [55] . IGFBP-3 is the predominant binding protein expressed in serum, and the vast majority of circulating IGF-I and IGF-II are bound in Experimental Diabetes Research 5 a ternary complex with IGFBP-3 and a third component, the acid-labile subunit. In addition, IGFBP-3 directly regulates the interaction of IGF-I with its receptor and, through IGFindependent mechanisms, is able to inhibit cell growth and induce apoptosis. The primary location for IGFBP-3 production is in the liver, where its expression is upregulated by the growth hormone (GH) and suppressed by insulin. Because of the IGF-I's mitotic properties, lower levels of IGFBP-3, by increasing the IGF-I/IGFBP-3 ratio, may increase the risk of developing cancer, with the opposite occurring when tissue availability of IGF-I is reduced. Like IGFBP-3, the biosynthesis of IGF-I occurs primarily in the liver, where its production is GH dependent [56] [57] [58] , and is increased by insulin [56, 57] . Low insulin levels, as encountered in individuals with type 1 diabetes, or following a prolonged fasting state, by determining the reduction of GH receptor expression, can contribute to lowering the hepatic IGF-I protein synthesis, thus reducing circulating levels of IGF-I. The reduced bioavailability of IGF-I under these conditions is accompanied by an increase in circulating levels of IGFBP-1 and IGFBP-2, the expression of both of which is normally suppressed by insulin. Consistently, higher expression of GH receptors with increased IGF-I protein production can be detected in patients with sustained hyperinsulinemia and T2D [59] . On the other hand, less IGFBP expression following malignant transformation has been reported in some tumour cell types in which the amount of free IGF-I may, therefore, increase even if there is no change in the rate of IGF-I production [60] . The IGF-IR is homologous to the INSR (sharing 84% amino acid identity in the intracellular tyrosine kinase domains). Because of their high sequence similarity [61, 62] , an INSR hemireceptor may assemble with an IGF-IR hemireceptor, forming INSR/IGF-IR hybrid receptors. It has been demonstrated that signaling through these receptors regulates cell survival and proliferation [63, 64] . Both insulin and IGF-I bind to the extracellular α subunits of their cognate receptors and induce conformational changes that cause the activation of the tyrosine kinase domain and self-phosphorylation of tyrosine residues of the intracellular β subunit [65] . The INSR, the IGF-IR, as well as the hybrid receptors, are expressed at higher levels in malignant cells [66] . Functional activation of these receptors results in the upregulation of the INSR substrate 1 (IRS1), that triggers signaling pathways downstream of the mitogenic-activated protein (MAP) kinase pathway and the phosphoinositide-3 kinase/Akt (PI3K/Akt), two of the most important signaling cascades frequently dysregulated in cancer (Figure 3 ). PI3K is recruited to the membrane after being activated by growth factors and cytokines. At this level, the enzyme is activated and transfers a phosphate group to its substrate, phosphatidylinositol [4, 5] bisphosphate [PtdIns(4,5)P2], forming PtdIns-(3,4,5)-P3 [67] . The PtdIns(3,4,5)P3 recruits the protein kinase Akt, facilitating its activation by the phosphoinositide-dependent kinase-1, PDK1. Phosphorylation of Akt is critical for the regulation of glucose metabolism, but also for the regulation of cell size, proliferation, and cell survival. In addition, Akt regulates gene transcription by direct phosphorylation of some of the forkhead transcription factors of the FOXO family which are involved in the control of fundamental processes, including cell metabolism and differentiation, apoptosis, cell cycle arrest, and DNA repair [68, 69] . Akt also regulates mRNA translation through the raptor-mTOR pathway, which plays a central role in metabolism and cell growth [70, 71] . The mechanism how activation of the INSR signaling pathway induces growth has been clarified by demonstrating that Akt phosphorylates and inactivates tuberin, an inhibitor of cell growth [72] . It has been shown that activation of PI3K by insulin relieves this inhibitory function [73] , resulting in activation of Rheb (Ras homolog enriched in brain), leading to activation of the raptor-mTOR complex. It is well known that PTEN, a lipid phosphatase that dephosphorylates PtdIns(3,4,5)P3, negatively regulates the PI3K/Akt signaling pathway, thus emphasizing the role of PTEN as a tumour suppressor in multiple tumour types [74] . In this respect, PTEN is often disrupted in tumour cells, and this emphasizes the role of the insulin/IGF-I-induced PI3K/Akt/mTOR/S6K signaling in cancer [75] (Figure 3) .
A second major intracellular signaling pathway involves the Ras protein, a monomeric globular protein of 189 amino acids (21 kDa) which is associated with the plasma membrane and which binds either GDP or GTP. In response to certain growth promoting stimuli, Ras is "switched on" by exchanging its bound GDP for a GTP. Once activated, Ras is able to interact with and activate other downstream protein targets. Switching Ras off requires extrinsic proteins termed GTPase-activating proteins (GAPs) that interact with Ras leading to the conversion of GTP to GDP. Mutations in Ras affecting its ability to interact with GAP, or to convert GTP to GDP, will result in abnormal, prolonged activation of this protein, thus in a sustained signal to the cell that may result in uncontrolled proliferation and disorganized growth of cells. In its active state, Ras binds Raf, a protein kinase, and promotes the activation of a phosphorylation cascade in which a series of serine/threonine protein kinases (the MAP/ERK kinase cascade) are activated in sequence, carrying the signal from the plasma membrane to the nucleus. At the end of this signal cascade, the MAP/ERKkinase phosphorylates a number of substrates on serines and threonines, including c-Jun, c-Fos, c-Myc, Elk-1, ATF-2, NF-IL6, and TAL-1 p53, thereby modifying their ability to regulate the transcription of genes potentially relevant to cell survival, growth, and cell cycle, such as Sp1, E2F, Elk-1, and AP-1 [76] [77] [78] [79] (Figure 3) .
On the whole, dysregulation of the IGF system is well recognized as an important contributor to the progression of multiple cancers, in which constitutive activation of the PI3K/Akt/mTOR signaling and the MAP/ERK-kinase pathway may play a role. Therefore, as underlined elsewhere [80] , consistently with these observations, the IGF system is emerging as a promising new target in cancer therapy.
Obesity, Diabetes, and Cancer
Many clinical and epidemiological lines of evidence prove that excess body weight gain, associated with hyperinsulinemia, insulin resistance, and dyslipidemia, may be a major risk factor for certain types of tumours, including colon and breast cancer ( Table 1) . As illustrated in Figure 1 , in this paper, besides its importance in storage and energy balance, the adipose tissue is metabolically and immunologically active, being able to produce many proteins and hormones known as "adipokines" [97] , which include adipocytokines (leptin, adiponectin, and resistin), cytokines (TNF-α, IL-1 and IL-6), and the chemokine MCP-1 [98] that has recently been identified as a potential factor contributing to macrophage infiltration into adipose tissue [99] . Adipokines circulate in the plasma at concentrations that are positively correlated with body mass index (BMI), with the exception of adiponectin, that correlates inversely with BMI [100] . It has been demonstrated that adipocyte-secreted factors can directly promote mammary tumorigenesis through induction of antiapoptotic transcriptional programs and protooncogene stabilization [101] . Also, evidence has been provided indicating that adipocytes in obesity, by the action of adipokines, participate in a highly complex cross-talk with the surrounding tumour cells, promoting tumour progression [102] . Biosynthesis of leptin in adipose tissue is influenced by insulin [103] , and this may explain the high leptin levels observed in obesity. Studies have been provided indicating that higher leptin concentrations may constitute a possible link relating obesity and cancer, particularly colorectal cancer. Also, it has been demonstrated that, by influencing specific second intracellular messengers, such as signal transducers and activators of transcription 3 (STAT3), AP-1, ERK2, and MAPK, leptin is involved in breast cancer cell proliferation and survival. On the other hand, greater adiposity in obese or overweight persons downregulates secretion of adiponectin, an adipokine with antiinflammatory and insulin-sensitizing properties [104] . Low blood concentrations of adiponectin have been associated with high incidence and poor prognosis of breast cancer, independently from the hormone receptor status [105] . Adiponectin and adiponectin receptors have been found to play a role in the activation of the PPARγ pathway, which, in turn, induces the transcription of several genes involved in the regulation of cell proliferation and differentiation. Enhancement of BRCA1 expression by PPARγ has been reported in MCF-7 breast cancer cells [106] . Thus, an explanation for the association of adiponectin with breast cancer is that functional reduction of PPARγ signalling, leading to reduced levels of BRCA1, may impair the DNA repair mechanisms. Obesity and T2D are frequently associated with increased oxidative stress [107] . However, the functional role of oxidative stress in cancer has long been a hotly debated topic. Recent findings in this context indicate that oxidative stress may directly contribute to tumour progression and metastasis [108] . As recapitulated in Figure 1 , one possibility is that ROS overproduction, by triggering the P13K/Akt signaling, could lead to adverse genetic modifications and DNA damage followed by tumour formation and progression [109] . NFκB is a central coordinator of immunity, inflammation, and cell survival. Mutual cross-talk between ROS and NFκB has been identified [110] . For example, fibroblasts harboring activated NFκB are able to promote tumour growth [111] . Activation of NFκB in fibroblasts leads to a loss of Cav-1 which drives onset of "The Reverse Warburg Effect," due to the autophagic destruction of mitochondria (mitophagy) in these cells, resulting in aerobic glycolysis and lactate production [111] . Thus, by using oxidative stress, cancer cells induce the activation of the autophagic program to promote aerobic glycolysis under conditions of normoxia [111] . Therefore, treatment with antioxidants (such as Nacetyl-cysteine, metformin, quercetin, vitamins A, C, and E, selenium and perhaps others) or nitric oxide inhibitors may be beneficial to reverse many of the cancer-associated fibroblast phenotypes [112] .
Inflammatory Cytokines, Diabetes, and Cancer Risk
Chronic inflammation may represent a link between diabetes and cancer, particularly in the obese, in which visceral fat is infiltrated by macrophages which constitute an important source of proinflammatory mediators [113, 114] . Moreover, macrophage accumulation in adipose tissue is associated with local hypoxia in fat [115] . It has been postulated that hypoxia in the fat tissue of the obese plays a role in the activation of inflammatory macrophages. Colocalization/coordination between macrophages/adipocytes and other cells of the immune system in white fat tissue leads to a low-grade, chronic inflammation that produces many cytokines able to initiate, promote, and sustain tumour progression either directly [116] , or indirectly, by causing (via inhibition of the INSR signaling) insulin resistance, which leads to the activation of protumorigenic pathways (see Figure 1 ). For example, TNF-α, a cytokine involved in systemic inflammation, blocks insulin signaling by preventing serine phosphorylation of IRS-1 [117] . Increased expression of TNF-α has been observed in both acute and chronic inflammatory states, including the chronic inflammatory response associated with cancer, obesity, and diabetes. Overproduction of TNF-α supports and even amplifies the inflammatory process leading to insulin resistance [118] . Another well-characterized inflammatory cytokine, IL-6, has also been involved in various metabolic, endocrine, and neoplastic disorders. Activation of STAT signaling, via IL-6, is known to induce cancer cell proliferation, survival, and invasion, while suppressing host antitumour immunity [119] . It has been documented that the expression of IL-6 in adipose tissue and its serum concentrations positively correlate with obesity, insulin resistance, and T2D, even with insulin resistance in cancer patients [97, 120] . In one study with breast cancer patients, IL-6 and estrogen levels were found to be higher in the insulin-resistant breast cancer patients without treatment compared to the ones without insulin resistance [121] . Similarly, in prostate cancer, serum levels of IL-6 were higher in patients with obesity/insulin resistance and clinically evident hormoneresistant prostate cancer, compared to those with hormonedependent cancer [122] . Inflammation and insulin resistance shift the cell's response to the inflammatory activating NFκB, which is strongly associated with abdominal obesity and insulin resistance. As stated above, this transcription factor is involved in cytokine signaling and in cell survival, and its expression is induced by a multitude of different extracellular stimuli, including chemotherapeutics, stress stimuli, and growth factors. NFκB promotes the expression of target genes involved in cellular proliferation and cell migration, antiapoptosis, and angiogenesis. Functional reduction of NFκB correlates with decreased breast tumour cell proliferation. Another mechanism that fuel cancer growth and tumour progression in low-grade chronic inflammation and insulin resistance is the accumulation of damaged DNA [123, 124] . Hyperglycemia in insulin resistance increases advanced glycation end-product (AGE) formation [125] . The production of intracellular AGE precursors damages target cells by modifying proteins and altering their function. It has been reported that plasma proteins modified by AGE precursors bind to AGE receptors on endothelial and mesangial cells and macrophages, inducing receptor-mediated production of ROS. Also, AGE receptor ligation, by activating NFκB, can induce adverse changes in gene expression [126] .
Conclusions
The last decades of medical research examining the pathogenesis of common tumours have provided compelling evidence for the involvement of insulin resistance in cancer. Consequently, many research articles have been published in the literature which give support to the hypothesis that patients with insulin-resistant syndromes, such as obesity and T2D, might be at higher risk for developing cancer than the general population. The molecular mechanisms for this association are unknown, but chronic sustained hyperinsulinaemia in these insulin-resistant patients appears to play a role in the neoplastic transformation process. As underlined in this paper, several explanations have been proposed for this association; however the precise mechanisms that link insulin resistance and cancer have not yet been fully understood and a more detailed molecular and mechanistic understanding is required to interpret the existing data, together with more thorough preclinical and clinical studies. Understanding these mechanisms may lead to novel diagnostic and therapeutic strategies in these patients in which measures to decrease chronic hyperinsulinemia and insulin resistance may offer a general approach to prevention of cancer.
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